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ABSTRACT
We report on the investigation of a very high energy (VHE), Galactic γ-ray source recently discovered
at >50 GeV using the Large Area Telescope (LAT) on board Fermi. This object, 2FHL J0826.1−4500,
displays one of the hardest >50 GeV spectra (photon index Γγ ∼ 1.6) in the 2FHL catalog, and a
follow-up observation with XMM-Newton has uncovered diffuse, soft thermal emission at the position
of the γ-ray source. A detailed analysis of the available multi-wavelength data shows that this source
is located on the Western edge of the Vela supernova remnant (SNR): the observations and the
spectral energy distribution modeling support a scenario where this γ-ray source is the byproduct of
the interaction between the SNR shock and a neutral Hydrogen cloud. If confirmed, this shock-cloud
interaction would make 2FHL J0826.1−4500 a promising candidate for efficient particle acceleration.
Subject headings: shock waves, (ISM): cosmic rays, (ISM): supernova remnants, Radiation Mecha-
nisms: thermal
1. INTRODUCTION
The plane of the Milky Way is rich with efficient ac-
celerators of cosmic rays (CRs) whose interaction with
the ambient medium and photon fields produces ener-
getic γ-rays. As such, γ-rays represent an excellent probe
of non-thermal astrophysical processes. Relativistic elec-
trons can produce γ-rays by non-thermal bremsstrahlung
or by inverse Compton scattering (IC) on ambient photon
fields, whereas protons and heavier nuclei (i.e., hadrons)
can generate γ-rays by the process of pion decay pro-
duced in collisions between relativistic hadrons and ambi-
ent material. Studies of the non-thermal Galactic source
population are essential to understand how and where
the bulk of cosmic rays are being accelerated and to un-
derstand the mechanisms underlying very high energy
(VHE, E>50 GeV) emitters (Renaud 2009; Kargaltsev
et al. 2013).
Several deep observations have been performed to
study the Galactic plane in the TeV γ-ray energy band
with facilities like the H.E.S.S., MAGIC, and VERITAS
ground-based Cerenkov telescopes (Bernlo¨hr et al. 2003;
Bigongiari 2005; Holder et al. 2006; Antonelli et al. 2009).
These surveys led to the discovery that the Galactic plane
is rich with TeV γ-ray emission from objects leftover
after supernova explosions, such as pulsar wind nebu-
lae (PWNe) and supernova remnants (SNRs, Funk 2005;
Aharonian et al. 2006; Carrigan et al. 2013; Ong 2014).
Recently, the Pass 8 (Atwood et al. 2013b) event level
reconstruction and analysis has enabled the Fermi -Large
Area Telescope (LAT) to achieve comparable perfor-
mances to the aforementioned facilities at energies above
50 GeV, reaching an average sensitivity in the plane of
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∼ 2% of the Crab flux (only slightly less sensitive than
H.E.S.S. in this energy energy band, see H.E.S.S. Collab-
oration et al. 2018b) with a localization accuracy better
than 3′ for most sources (Atwood et al. 2013a). Fermi ’s
main advantage is that it has surveyed the entire sky, and
hence the Galactic plane, with uniform sensitivity and
coverage whereas other telescopes are limited to detec-
tion from ground-based locations (e.g. H.E.S.S., VER-
ITAS, and MAGIC are all ground-based) and are re-
stricted from viewing the entire Galactic plane with uni-
form sensitivity. As a result, the Fermi -LAT (Atwood
et al. 2013b; Ackermann et al. 2017) has detected several
new Galactic sources, some of which display very hard
spectra above 50 GeV, which is a sign of efficient par-
ticle acceleration and (or) effective particle and energy
dissipation processes. Understanding the properties of
the VHE Galactic source population is crucial in order
to identify the locations and mechanisms for Galactic
cosmic ray acceleration.
One breakthrough that Pass 8 has enabled has been the
census of the entire sky at >50 GeV reported in the 2FHL
catalog (Ackermann et al. 2016), which is comprised of
360 sources detected across the entire sky. Of these ob-
jects, 103 are detected in the Galactic plane (| b | < 10◦):
38 of these have been associated with Galactic objects as
their counterparts, 42 are associated with blazars, and
23 are unassociated.
While none of these 23 unassociated sources has the
radio and optical properties of blazars, it might still be
possible to find γ-ray blazars on the Galactic plane that
are undetected above the threshold of current radio sur-
veys. A further selection criterion to classify sources as
Galactic in origin is the hardness of the γ-ray spectrum
at 50 GeV, since at these energies blazars generally ex-
hibit a soft spectrum (average photon index Γ ∼ 3.4),
because the energy range is above the IC peak of their
spectral energy distribution (SED). This is a result of
the combination of the spectral shape of the energy dis-
tribution of the accelerated particles and the absorption
due to the extragalactic background light (Domı´nguez
et al. 2011), which results in an exponentially cut-off pho-
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ton spectrum. Only ∼4 % of the 2FHL blazars display a
power law photon index Γ < 1.8. Among the 23 unidenti-
fied 2FHL objects located in the Galactic plane, 11 have
Γ < 1.8, and hence the number of contaminant blazars
in this hard-spectrum sub-sample is expected to be < 1.
This sub-sample should therefore be mostly comprised of
newly detected hard-spectrum Galactic objects. In this
work, we focus on one of these 11 sources, 2FHL J0826.1-
4500, which is located at ∼1.5◦ South-West of the Vela
pulsar, PSR J0835–4510.
Vela is among the closest SNRs to Earth, being at a
distance d≈290 pc (Dodson et al. 2003), and it houses a
middle-aged pulsar (characteristic age t ≈ 11 kyr). Given
its significant complexity, the Vela region has been widely
studied in the literature. The Vela pulsar sits in the
central region of the SNR shell while actively fueling a
large pulsar wind nebula (PWN) 2◦ × 3◦ in size known
as Vela-X. Generally, the structure of a composite SNR
is complex and heavily depends on the density of the
surrounding material it expands into.
Slane (2017) discusses how the layers of an SNR ex-
pand through a circumstellar medium (CSM) with a den-
sity gradient. The expansion of the PWN into the SNR,
and the SNR expansion into the ISM are both responsi-
ble for heating ejecta and ambient material. The ejecta
can confine the PWN, and as the PWN expands into the
ejecta it also drives a shock, heating the material and
producing thermal emission. The outer boundary of the
SNR is defined by a forward shock (FS), which is the
result of the material ejected from the initial explosion
sweeping up the surrounding medium. It has been estab-
lished that most massive stars often collapse and explode
at a relatively early age, and thus they are believed to
leave behind supernova remnants inside or nearby the
dense molecular gas clouds where they were formed. It
is not uncommon then, for these SNRs to interact with
this dense gas regions as the shock expands. The mor-
phology and spectral features of the forward shock can
provide information regarding such an interaction.
This paper describes the analysis of newly acquired
X-ray observations, as well as archival multi-wavelength
data in the region where 2FHL J0826.1−4500 is located
and the modeling of the broadband spectral energy dis-
tribution to better understand the origin of the γ-ray
emission. This paper is organized as follows: in Section
2 we discuss the source selection and the XMM-Newton
data reduction and analysis. A further, multi-wavelength
characterization of the source is presented in Section 3.
Section 4 explores the shock-cloud scenario through the
SED modeling, and Section 5 summarizes our results.
2. SOURCE SELECTION AND DATA REDUCTION
2FHL J0826.1−4500 was first detected at >50 GeV in
the 2FHL catalog and presents a particularly hard γ-
ray spectrum with photon index Γγ = 1.6 ± 0.3 and a
maximum energy photon of ∼412 GeV as reported in the
2FHL catalog (Ackermann et al. 2016). We report the
source >50 GeV spectrum in Figure 1, left panel. The
source is compact and shows no clear evidence of ex-
tended emission beyond the point spread function of the
Fermi -LAT in this energy range (Figure 1, right panel).
To further investigate the properties of this intrigu-
ing VHE object, we were granted a 20 ks XMM-Newton
follow-up observation (proposal ID: 0782170201, PI: M.
Ajello). X-ray telescopes like XMM-Newton play a piv-
otal role in identifying Galactic γ-ray sources, as they
provide arcsecond-scale angular resolution allowing the
identification of the correct counterparts in the crowded
Galactic region (Lumb et al. 2012). Furthermore, XMM-
Newton also has the largest effective area in the 0.5–
10 keV band among all the X-ray telescopes, therefore
being the most effective instrument to detect faint, dif-
fuse X-ray emission along the Galactic plane, like the
one commonly observed in PWNe and SNRs. We report
a summary of the observation details in Table 1.
2.1. XMM-Newton Data Reduction and Analysis
In Figure 2, left panel, we show the smoothed 0.5–
2 keV image of 2FHL J0826.1−4500, as seen with the
MOS2 camera mounted on XMM-Newton. The image
was created using the CIAO (Fruscione et al. 2006) tool
csmooth, using the fast fourier transforms convolution
method and a Gaussian convolution kernel. The minimal
signal-to-noise ratio of the signal under the kernel was set
to 3. As illustrated in the X-ray image, in correspondence
with the γ-ray source, we observe faint, diffuse X-ray
emission with extension of roughly 15′. Furthermore,
the X-ray emission is almost spatially coincident with an
optical filament visible in a Hα image (see Figure 2, right
panel). The initial analysis of the XMM-Newton diffuse
emission reveals it to be very soft, with no significant
emission detected above 2 keV.
We perform a spectral fitting in order to find the best
model to characterize the observed emission. Usually,
the spectral fitting of bright, point-like X-ray sources can
be performed subtracting the background emission, since
the signal-to-noise ratio of the source is large enough that
removing a small fraction of counts from the fitted spec-
trum does not affect the quality of the analysis. In faint
diffuse objects such as 2FHL J0826.1−4500, however, the
background subtraction approach can lead to a spectrum
with not enough counts to perform a proper spectral
analysis. Consequently, the background must be care-
fully modeled, to then use the best-fit background model
as an additional component in the fitting of the total,
source plus background, spectrum. In this work, we fol-
low the background modeling approach used in Leccardi
& Molendi (2008), which takes into account both the in-
strumental and the astrophysical background. The first
is modeled as a combination of quiescent soft protons,
cosmic-ray induced continuum, and fluorescence lines;
the latter models both the emission from the Galactic
Halo and the cosmic X-ray background.
The selected regions for the spectral fitting process are
indicated in Figure 3. After selecting source and back-
ground regions a spectral fitting was then performed with
the most recent update of HEASOFT software (v6.19
Drake & Smale 2016) with the corresponding calibration
files for the XMM-Newton telescope6 for MOS1, MOS2,
and PN. The resulting spectra were fitted using XSPEC
(v12.9.1).
2.2. Spectral Analysis Results
We tested two different spectral models, the thermal
mekal model and a power law, to fit the XMM-Newton
6 Current calibration files are accessible at https://heasarc.
gsfc.nasa.gov/docs/xmm/xmmhp_caldb.html
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Fig. 1.— Left : γ-ray SED of 2FHL J0826.1−4500, using data from the 2FHL catalog (Ackermann et al. 2016). Right :
γ-ray image of the Vela complex at ≥50 GeV. 2FHL J0826.1−4500 shows no significant evidence of extended emission.
Name R.A. Dec. Obs. Date Exp.a Target Type Γb ∆rc S/Nd
2FHL J0826.1−4500 08h 25m 56.63s -45d 00′ 00.0′′ 11/23/16 18500 SNR 1.6 ±0.3 4.0 5.2
TABLE 1
Observation details of 2FHL J0826.1−4500. a Exposure time in s, b Photon index at E >50GeV, c Positional
uncertainty of the γ-ray source (95% C.L.) in arc-minutes, d Signal to noise ratio of the γ-ray source (σ)
e-08 0.00088 0.0026 0.0062 0.013 0.027 0.055 0.11 0.22 0.45 0.8
5 arcmin
N
E 2FHLJ0826.1-4500
5 arcmin
N
E
Fig. 2.— Left : Smoothed, MOS2 0.5–2 keV image of the region around 2FHL J0826.1−4500. The white dashed circle
(r=4′) represents the 95 % confidence positional uncertainty of 2FHL J0826.1−4500. Right : X-ray emission contours
(cyan solid line) overlaid on an Hα image of the region of 2FHL J0826.1−4500. The contours are derived from the
MOS2 0.5-2 keV image showed in the left panel and correspond to 1.22×10−2 and 1.5×10−2 counts. An optical filament
is seen to clearly overlap the X-ray emission. The white dashed circle marks the Fermi-LAT position.
data of 2FHL J0826.1−4500 and both are reported in
Table 2. The Galactic column density has been fixed
to 0.026 × 1022 cm−2 (Manzali et al. 2007) using wabs
in XSPEC. The mekal (Mewe et al. 1985, 1986) model
describes the emission spectrum of a hot diffuse gas, as-
suming as free parameters temperature and metallicity
of the gas. In this work, we fix the gas metallicity to the
Solar value. The apec model is very similar to mekal and
was also considered. With apec we find a result in good
agreement with mekal (kT=0.75+0.16−0 20 keV) although with
slightly worse best-fit statistics (∆C-stat=9.7).
The power law model is commonly used to to fit non-
thermal spectra and has two free parameters: the pho-
ton index and the normalization. More complex power
law models, such as srcut, cutoffpl and bknpower are
typically found to best characterize synchrotron emission
from a non-thermal distribution of electrons: due to the
intrinsic faintness of our source, we decide to use the sim-
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Fig. 3.— Cleaned data from MOS2 CCD with selected
regions for source and background emission. The two
consecutive green boxes in the lower corner are used for
the source and the large green box in the upper right is
used for the background.
plest of these models, a pure power law, to minimize the
number of free parameters in the fit.
As shown in Table 2, a thermal emission scenario
(Cstat/d.o.f.=454.63/449) is statistically preferred to a
non-thermal one (Cstat/d.o.f.=470.60/451). The best-fit
temperature is kT = 0.60+0.11−0.60 keV with an upper limit
of kT < 0.72 keV . We show the best fit model, as well
as our MOS1 and MOS2 data, in Figure 4. PN data
has been removed for clarity. The observed 0.5–2 keV
source flux, without taking into account the different
background contributions, is <1.9×10−13 erg s−1 cm−2.
3. MULTI-WAVELENGTH INFORMATION
3.1. Soft X-rays
The Vela SNR is one of the brightest, largest soft (0.5-
2 keV) X-ray sources. The ROSAT X-ray telescope (Vo-
ges et al. 1999) has mapped the Vela region in the 0.5–
2.4 keV band, showing extended emission over a ∼8◦ re-
gion that encompasses the Vela pulsar and roughly out-
lines the SNR shell. 2FHL J0826.1−4500 lies just on
an inner boundary of X-ray emission that delineates the
SNR shell where, to the west, a cavity of little X-ray
emission is present (Figure 5). Lu & Aschenbach (2000)
performed a spectral analysis on 3 distinct regions of
the SNR and found that the X-ray emission is best fit
by a thermal emission model with two Raymond-Smith
plasma components with different temperatures. The
best fit temperatures are 0.12, 0.17, and 0.18 keV for T1
and 0.76, 1.06, and 0.82 keV for T2 in one bright region
in the north and two fainter regions in the north-east and
south, respectively. These results are in good agreement
with those obtained by our XMM-Newton observation
and reported in the previous section.
3.2. γ-rays
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Fig. 4.— Top: XMM-Newton MOS1 (black) and MOS2
(red) data of 2FHL J0826.1−4500 and the best-fit model
obtained using mekal. The best-fit model (solid black
line), the instrumental background (dashed black line)
and the combination of source and astrophysical back-
ground (dotted black line) are plotted. PN data was
removed for clarity.
At ≥50 GeV, 2FHL J0826.1−4500 is a relatively faint
source detected by the Fermi-LAT with a test statistics
of ∼27 (corresponding to ∼4.5σ) and only ∼5 photons
(Ackermann et al. 2016). In the 2FHL catalog, no ev-
idence of extended emission at >50 GeV is reported for
2FHL J0826.1−4500, although the significance of this re-
sult is limited by the small number of counts detected by
the LAT.
Abramowski et al. (2012) found TeV emission up
to 10 pc (∼1.2◦ from pulsar position) from the pul-
sar on the opposite side of the SNR with respect to
2FHL J0826.1−4500. At 1 TeV, the angular resolution
for H.E.S.S. is ∼6′. The shock is approximately 17′ in
length in the X-rays, and it is observed by LAT up to
∼400 GeV (see Figure 1, left panel), so it is intriguing
that Abramowski et al. (2012) did not detect any sig-
nificant emission in the TeV regime at the position of
2FHL J0826.1−4500. The lack of HESS detection im-
plies either that the spectrum of the source does not ex-
tend beyond 1 TeV or that the source is variable. It is
unlikely the detection of source variability in this case
will be possible with the Fermi-LAT because of the low
photon counts of 2FHL J0826.1-4500. The recently pub-
lished HESS Galactic Plane Survey (H.E.S.S. Collabora-
tion et al. 2018b) allows us to derive a 5σ upper limit
on the emission of 2FHL J0826.1−4500 (assuming it is a
point-like source) at >1 TeV of 2.2×10−13 erg s−1 cm−2.
3.3. Radio
The Vela region is rich with radio emission, predom-
inantly coming from the Vela-X PWN, with lower sur-
face brightness emission roughly outlining the SNR X-
ray shell. Duncan et al. (1996) investigated the Vela
radio emission at 2.4 GHz: when we positionally match
their data with our XMM-Newton image we find that
the X-ray emission lies on the outskirts of the diffuse ra-
dio emission. As can be seen in Figure 6 (right panel),
2FHL J0826.1−4500 lies in a region lacking radio emis-
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Spectral Model χ2 C-Stat d.o.f.a Reduced χ2 kT (keV) Photon Index
mekal 458.54 454.63 449 1.02 0.60+0.11−0.60 -
power law 472.60 470.60 451 1.05 - 4.9+1.8−1.2
TABLE 2
Summary of the best-fit parameters and the associated statistics for both spectral models used
in our analysis. Because of the low qualiy of data, the kT value only generates an upper limit of
0.72 keV. a degrees of freedom
Fig. 5.— 0.5–2.4 keV ROSAT image of the Vela SNR. The cyan circle labels the γ-ray location of 2FHL J0826.1−4500
(with uncertainty of r=4′ at 95 % confidence), while the magenta diamond outlines the position of the Vela pulsar.
2FHL J0826.1−4500 lies on the western edge of a prominent X-ray shell, just before a large cavity. The bright source
in the top right corner is Puppis A.
sion7. This evidence is confirmed throughout different
radio observations at different frequencies. For example,
observations of the 12CO emission at 115GHz revealed
the same behavior of the Vela region (Moriguchi et al.
2001).
The apparent lack of radio emission from the SNR at
the position of source 2FHL J0826.1−45.00 and further
west could be related to the forward shock having bro-
ken out into a lower density ISM region. This is also
consistent with observations of the pulsar position and
proper motion, since the pulsar is known to be in the
Northern part of the radio emission of the PWN. The
offset is likely caused by the expansion of the SNR into
the ISM and how this interacts with the PWN. It is
likely that a non-uniform density in the ambient ISM is
the cause of the asymmetric appearance (Blondin et al.
2001; Slane et al. 2018), and is responsible for an early
return of the reverse shock of the SNR from the direction
where the shock front encounters a denser medium (i.e.,
in this case, the structure Northern edge, see Slane et al.
7 The radio maps reported in Duncan et al. (1996)
are available at http://www.atnf.csiro.au/research/surveys/2.
4Gh_Southern/data.html
2018). The atomic hydrogen density for the Northern
edge of the SNR, n=1–2 cm−3, is indeed greater than the
one estimated for the Southern edge, n∼0.1 cm−3, sup-
porting the scenario just described (Dubner et al. 1998;
Abramowski et al. 2012; Ferreira & de Jager 2008).
Dubner et al. (1998) mapped 21cm HI clouds in the
Vela region reporting negative radial velocities (-21 km
s−1 to -9 km s−1). Later Lu & Aschenbach (2000) con-
nected the high NH column densities in the Southern
region with the HI clouds observed at 21 cm, conclud-
ing that these clouds must be moving towards the ob-
server and are likely being accelerated by the SNR shock
wave. Dubner et al. (1998) interpreted the HI presence
as a bubble that the Vela SNR is expanding into, with
a higher interaction in the North and East directions
between the HI clouds and forward shock. Lu & As-
chenbach (2000) have speculated that the interaction is
weaker with HI in the South and West directions, allow-
ing the shock wave to keep expanding inside the bub-
ble. This may support the idea that, at the position of
2FHL J0826.1−4500, the ROSAT X-ray boundary may
be confined by the interaction with a small HI cloud.
Lu & Aschenbach (2000) also suggests that the high NH
6 Eagle et al.
0.2 -0.1 0.2 0.8 2.1 4.5 9.4 19.1 38.6 77.3 154
0.5 degrees
N
E
2FHLJ0826.1-4500
81 1.7 2.7 3.6 4.6 5.5 6.5 7.4 8.4 9.3 1
N
E
0.5 degrees
2FHL J0826.1-4500
Fig. 6.— Left : 2.4GHz radio emission map from Duncan et al. (1996)7 with location of 2FHL J0826.1−4500 seen in a
cavity with no radio emission detected just below the Southwestern corner of the PWN, Vela-X. Right : HI 21cm radio
map integrated between 29.7 and 35.3 km s−1 indicating the location of 2FHL J0826.1−4500 with respect to the HI
cloud with black contours for reference of shock structure and location (see Dubner et al. 1998, for a review).
measured implies that a region of cold interstellar gas lies
behind the Southern boundary of the SNR, and that it
is likely for the HI clouds to be in front of the remnant
in the West, which may explain the apparent cavity that
exists West of the XMM-Newton X-ray source.
Furthermore, a small HI cloud has been identified in
Dubner et al. (1998), widely overlapping with the Hα op-
tical filament associated with the observed XMM-Newton
emission (see Figure 6, left panel). The morphology of
the filament correlates well with the location and size
of the HI cloud in this region, suggesting that we may
be observing a shock-cloud interaction, with the shock
being visible in the the optical band and in X-rays. No-
tably, optical emission in SNRs is usually associated to
bright X-ray boundary regions, which is indeed what is
observed on the ROSAT map. This may suggest a den-
sity enhancement in the Western region of the Vela SNR,
providing further evidence for a forward shock scenario.
In conclusion, the combined γ-ray, X-ray, optical and
radio information depicts a scenario of interaction be-
tween a forward shock, linked to the SNR, and a HI
cloud. The following section will discuss this scenario
and its implications.
4. DISCUSSION
4.1. Shock-Cloud Interactions
Slane et al. (2015) examined the X-ray and γ-ray signa-
tures of SNR interactions with molecular clouds suggest-
ing several ways to confirm if a shock-cloud interaction
is indeed occurring. Most SNRs are located within high
density molecular cloud regions making shock-cloud in-
teractions a likely occurrence with SNRs as they expand
into the ISM. Morphology such as arcs, curvature, and
asymmetric appearance of the SNR provide suggestive
clues of an interaction with surrounding medium espe-
cially if a correlation with the shape of a nearby cloud
can be established (Slane et al. 2015). The shape of
2FHL J0826.1−4500 has a compelling overlap with the
shape of the HI cloud as can be seen in Figure 6, left
panel. Multi-wavelength studies like the one here are an-
other ideal way to confirm if a shock-cloud interaction is
in fact happening. CO emission presence, for instance,
is an efficient tool to map the distributions and move-
ments of dense clouds, and is commonly used to confirm
the physical interaction of a SNR with a molecular cloud
(Slane et al. 2015).
Gathering evidence for radiative processes at the shock
site will provide strong indicators for the speed of shock
front. Mapping the presence of OIII, NII, or SiII optical
line emission can be strong evidence for a radiative shock
that is propagating into an inhomogeneous ISM (Slane
et al. 2015). More specifically, if OIII, NII, or SiII are
present the shock would be slower than the blast wave
velocity as it comes into contact with a dense cloud. If
the velocity of the shock is still considerably fast then the
shock may be just starting to interact with dense mate-
rial. Maser emission at 1720MHz would also be direct
evidence of excitation occurring at a site where a shock
and cloud are interacting.
Winkler et al. (2014) provides substantial evidence
linking shock-cloud interactions to the presence of op-
tical filaments that closely overlap X-ray emission in the
SNR SN 1006. Analogously, the close coincidence be-
tween the Hα emission morphology and that of the X-
ray emission in 2FHL J0826.1−4500 suggests that part
of the SNR shock is interacting with a region of partially
neutral material in this area.
4.2. Efficient Particle Acceleration
SNRs are widely thought to accelerate a significant
fraction of Galactic CRs through diffusive shock acceler-
ation in their high-velocity blastwaves. The γ-ray emis-
sion in the MeV-GeV band from regions with relatively
high ambient density is expected to be hadronic in ori-
gin (see Castro et al. 2013a, Figure 6, for an example),
and hence evidence of CR hadron acceleration at these
shocks. Proton-proton collisions between shock accel-
erated CR ions and ambient protons are enhanced in
high density regions such as an interaction between a
SNR forward shock and an HI cloud. The energetics of
2FHL J0826.1-4500 make this site a promising source for
efficient particle acceleration to CR energies. The neces-
sary system parameters for both leptonic and hadronic
emission scenarios are investigated in §4.3.
Regarding the origin of the underlying particle pop-
ulation, it is difficult to distinguish whether the emis-
sion from this shock-cloud region originates from freshly
shock-accelerated CRs, or instead from pre-existing CRs
re-accelerated through the high compression ratio char-
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acteristic of radiative shocks. There are two observa-
tional properties that help differentiate between these
two scenarios. First, one would expect the γ-ray spec-
trum from re-accelerated field CRs to have a lower en-
ergy cut-off value relative to that of emission from diffu-
sive shock accelerated CRs (Ackermann et al. 2013; Lee
et al. 2015). Fast shocks typically reveal a potential for
fresh CR acceleration and the speed of the shock can
be indicated by the γ-ray spectrum cutting off at ener-
gies greater than 20 GeV (e.g. SNR Cas A; see Ahnen
et al. (2017), RX J1713.7-3946; see H. E. S. S. Collab-
oration et al. (2018), RX J0852.0-4622; see Aharonian
et al. (2007), Bykov et al. (2018), and H.E.S.S. Collab-
oration et al. (2018a)). For slow shocks this cut off oc-
curs at energies of E <10-20 GeV, indicating that the
site is most likely re-accelerating pre-existing CR protons
(e.g. 1FGL J1801.3-2322c; see Abdo et al. (2010), SNR
W44; see Malkov et al. (2011) and Cardillo et al. (2016),
G349.7+0.2 and CTB 37A; see Castro & Slane (2010)).
This effect is compounded by Alfven-wave damping as
the radiative shock propagates through significantly neu-
tral environments, which introduces a break in the par-
ticle momentum spectrum, further softening it (see Lee
et al. 2015, and references therein). We investigate the
possible values of the cut-off energy of the particle spec-
trum in the site of 2FHL J0826.1-4500 in §4.3.
Additionally, the X-ray band might also provide a clue
since SNRs interacting with molecular clouds where the
shock has become radiative and that are bright in the
GeV band, such as W44 and IC443, are characterized by
a center-filled X-ray morphology, rather than a shell-like
one (Slane et al. 2015). Since thermal X-ray emission
is associated with bright optical filaments in the region
of 2FHL J0826.1-4500, it appears as though the shock is
still fast enough to heat the surrounding medium to X-
ray emitting temperatures, and hence a significant part of
the shock is likely non-radiative. This suggests that the
CRs in this region have been produced through diffusive
shock acceleration. However, a deeper analysis in VHE
and optical is required in order to confirm this.
4.3. Modeling Spectral Energy Distribution
The multi-wavelength information available can be
combined to build a picture of the broadband spectral
characteristics of the region. Assuming the GeV γ-ray
emission in the direction of 2FHL J0826.1−4500 is in-
deed the result of radiation from a relativistic parti-
cle population accelerated at a region of the Vela SNR
shock, it is possible to model the broadband emission
from the shock-accelerated non-thermally distributed
electrons and protons and hence derive constraints on the
physical parameters of the shock. The data of the region
are shown in Figure 7, where the 843 MHz and 2.4 GHz
radio upper limits are derived from Murphy et al. (2007)
and Duncan et al. (1996) respectively, the X-ray upper
limit is obtained from the XMM-Newton observations as
described in §2, and the TeV γ-ray upper limit is from the
H.E.S.S. Galactic Plane Survey (H.E.S.S. Collaboration
et al. 2018b).
We assume the distribution of the accelerated parti-
cles in momentum to be dNi/dp = ai p
−αi exp (−p/p0 i).
Here, subindex i represents the particle type (proton or
electron), and αi and p0 i are the spectral index and the
exponential cutoff momentum of the distributions. The
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p0 B2,max nH × ECR,p ECR,e
(TeV/c) (µG) (1048 erg/cm3) (1044 erg)
Leptonic
A 5 3 – 9
B 30 9 – 1
Hadronic
C 10 50 6 –
D 1 50 6 –
E 600 10 1 –
TABLE 3
Input Model Parameters
coefficients for the particle distributions, ap and ae, are
set using the total energy in relativistic particles and the
electron to proton ratio as input parameters, together
with the spectral shape of the distributions. The spec-
tral indices of electron and proton distributions are as-
sumed to be equal since analytic and semi-analytic mod-
els of particle acceleration at shocks suggest this is the
case (Reynolds 2008). For the non-thermal radiation
from these particle distributions we have used pi0-decay
emission from Kamae et al. (2006); Mori (2009), syn-
chrotron and inverse Compton (IC) emission from Bar-
ing et al. (1999, and references therein), and non-thermal
bremsstrahlung emission from Bykov et al. (2000). For
more details on the model for the particle distribution
and their simulated emission see Castro et al. (2013b).
We use the model outlined above to establish the ap-
proximate ranges of some of the physical parameters
that would result in emission that fits the Fermi-LAT
data, as well as complying with the upper-limits at other
wavelengths. The common parameters for all models
considered are a relativistic electron to proton ratio of
kep = 0.01 (determined in observations of CR abun-
dances on Earth), and a shock compression ratio of 4.
Both of these standard assumptions are discussed in more
depth in Castro et al. (2013b). It is possible that the
proximity of the Vela pulsar and pulsar wind nebula,
both of which are expected to be significant electron ac-
celerators, might increase the ratio of relativistic elec-
trons to protons present in the region of interest. A larger
number of CR electrons would relax the constraints on
the magnetic field placed on both leptonic and hadronic
scenarios considered here. However, this effect is presum-
ably not very significant since the γ-ray source appears to
be coincident with the optical and X-ray emitting shock,
and hence presumably the CRs responsible for the emis-
sion are accelerated in this same region. Additionally,
we adopt a distance of d = 0.29 kpc (the distance of the
Vela SNR, as discussed above), and fix the spectral in-
dex of the relativistic proton and electron distributions
in momentum to be αi = 4. This last assumption is
adopted given that neither the radio nor the γ-ray ob-
servations allow for a tightly constrained spectral index
of the emission spectrum and hence, we default to the
canonical spectral index expected from diffusive shock
acceleration (see Reynolds 2008, and references therein).
The input parameters for each model considered are in-
cluded in Table 2 and the resulting broadband spectral
distributions are shown in Figure 7.
In models A and B, the Fermi-LAT spectrum is the
result of radiation from relativistic electrons (leptonic
channel), and in C, D and E, it originates from protons
and heavier ions colliding with ambient hadrons and re-
sulting in γ-ray emission from pion decay (hadronic mod-
els). Models A and B represent the highest and lowest
values, respectively, for the energy CR electrons, ECR,e,
allowed by the Fermi-LAT data. The post-shock mag-
netic field, B2, in each of these two cases, is set to the
maximum value possible without the synchrotron emis-
sion exceeding the radio and X-ray limits, and the cut-off
of the particle momentum distribution, p0, is limited by
the upper-limit on the TeV γ-ray emission from H.E.S.S.
From these cases we estimate that if the GeV emission
is the result of leptonic processes, the total CR electron
energy in this region must be roughly 1–9 ×1044 erg, and
the cut-off momentum of the particle distribution must
be approximately 5–30 TeV/c. Additionally, the max-
imum values of the magnetic field strength seem to be
between 3 and 9 µG, which are low given that one would
expect values larger than 12 µG at sites of efficient par-
ticle acceleration (see Castro et al. 2013a, and references
therein).
Pion decay emission is proportional to both the amount
of energy in CR protons in the region, and the post-shock
density (Kamae et al. 2006). Hadronic models C and
D both result from the maximum values of the product
nH × ECR,p allowed by the 2FHL data, and model E
represents the case with the minimum nH × ECR,p pos-
sible. In models C the cut-off in proton momentum is
at the highest value allowed by the TeV upper limit,
for the maximum nH × ECR,p cases. In turn, model D
is the result of the minimum p0 that still fits the GeV
data. From these hadronic models we estimate the range
of nH × ECR,p to be ∼ 1 − 6 × 1048 erg/cm3, the cut-
off of the momentum distribution to be approximately
1 − 600 TeV/c, and the maximum post-shock magnetic
field strength B2 ∼ 50.
5. CONCLUSIONS
The discovery and investigation of a likely shock-cloud
interaction taking place on the western edge of the Vela
SNR is presented. Multi-wavelength data suggests the
forward shock of the SNR is interacting with a small
HI cloud as a likely scenario. The data presented for
2FHL J0826.1−45.00 points towards the possibility of a
site for CR acceleration. A broadband spectral fitting is
reported for several particle populations that can explain
the emission observed including leptonic and hadronic
scenarios. If the hadronic models prove to be most real-
istic in characterizing 2FHL J0826.1−45.00 across avail-
able data, 2FHL J0826.1−45.00 is not only a site of effi-
cient particle acceleration but also poses as a candidate
for fresh CR acceleration.
Future work to further characterize
2FHL J0826.1−4500 includes studying the physical
conditions (velocity, direction, elemental composition)
of the shock front which will be valuable in better
characterization of the region in order to understand its
kinematics. These data will provide clues to whether the
western edge of the Vela SNR may be a site generating
fresh CRs or is instead a re-acceleration mechanism.
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